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Executive Summary

This design task is aimed at modeling the ITER reactor for three-dimensional Monte Carlo,
determining the neutron wall loading distribution, performing preliminary three-dimensional
shielding calculations for the divertor region and performing activation calculations. Due to the
continuously evolving design over the year, most of the analysis was performed for the ITER
outline design. An effort started to model the most recent divertor cassette design presented at the
end of October in the design assessment meeting. A revised 3D model of ITER was developed
with the new divertor cassette design. Because of delays in the ITER design activities it was
necessary during the year to respond to requests from the JCT to provide support in the neutronics
area. This report summarizes the work performed and the results obtained in this design task
during the year 1994.

A source subroutine was written to modify the 3D Monte Carlo neutronics code MCNP to
sample source neutrons from the source distribution in ITER plasma. A general ITER 3D model
for MCNP was developed jointly by the US and EU home teams and submitted along with the
source term to the Garching JCT in March as required by the task milestones. The model is based
on the ITER outline design. The model includes the detailed configurations of the first wall,
blanket, divertor, vacuum vessel and TF magnets. The model also includes the pumping slotsin
the outer leg of the divertor. The poloidal distribution of the neutron wall loading in the different
regions of the ITER outline design has been determined using the Monte Carlo code MCNP. The
average neutron wall loading is 0.913 MW/m?2 for the nominal 1500 MW fusion power. The
calculated average neutron wall loadings at the outboard and inboard first wall, are 1.044 and
0.735 MW/m?2, respectively. The peak outboard and inboard neutron wall loadings are 1.193 and
0.923 MW/mZ, respectively.

Detailed 3D neutronics cal culations have been performed for the divertor region in the outline
design. The walls of the horizontal ducts are completely out of the direct line of sight of source
neutrons. The ducts are shielded from the plasma region by the approximately 80 cm thick lower
end of the outboard blanket/shield and by the 40-60 cm thick outer divertor leg in front of the lower
half of the duct. Based on this analysis, it is concluded that no additional divertor duct shielding
will be needed and the 20 cm thick duct wall along with the 11 cm thick mechanical structure will
provide adequate protection for the TF coils against streaming radiation. In addition, parts of the
TF coils behind the divertor cassettes are well shielded. Preliminary estimates of total nuclear
heating in the TF coils were determined for both the SS/water and Li/V blankets of the ITER
outline design. The results were based on the 3D calculations performed for the outline design.
Thetotal heating islessthan 5 kW. Thetotal heating isincreased to 7 kW for the recent shielding
blanket design presented in October at the design assessment meeting.



Detailed activation analysis has been performed for the first wall/blanket/vacuum
vessel/magnet in the ITER outline design using different pulsed operation schedules. The
calculations were performed for both the shielding blanket (SS/water) and the breeding blanket
(Li/V) options. The activation code RACC modified for pulsing operation was used in the
calculations. The detailed activation results include the spatial distribution of the radioactive
inventory, afterheat and contact dose at different times following shutdown.

The nuclear performance parameters for the first wall/blanket/vacuum vessel/magnet in the
ITER outline design were determined using data based on the FENDL evaluation and compared to
those obtained with previously used cross section libraries based on the ENDF/B-V evaluation.
The calculations were performed for both the shielding blanket (SS/water) and the breeding blanket
(Li/V) options. The detailed neutronics and shielding results were provided to the ITER JCT. A
working multigroup cross section library based on the most recent international fusion evaluated
nuclear datalibrary (FENDL) was generated. The library includes all nuclear responses of interest
for the ITER design. The library was installed on the Garching JWS computer system in
September. Neutronics, shielding, and activation benchmark problems have been devel oped based
on the shielding blanket design in the ITER outline design. The specifications and required
neutron flux files were provided to the neutronics groups of the home teams. Results will help the
JCT determine the codes and libraries to be used in neutronics, shielding and activation
calculations.

The neutron source profile and plasma shape have not changed from the outline design. The
major changes are in the divertor cassette design. In addition to the significant geometrical
configuration changes, each divertor cassette includes 28 slots compared to only 5 slots in the
outline design. The design presented at the end of October in the design assessment meeting was
used as the basis for the updated general reactor 3D model. A complete updated general reactor
model is provided to replace the model provided in March. Although more divertor slots are used,
streaming though the horizontal divertor ports is expected to be lower than in the outline design
since these slots are not directed towards the horizontal ports. On the other hand, these slots can
result in damage hot spotsin the vacuum vessel behind the divertor cassettes. This effect needsto
be investigated. It is assumed that the geometrical configurations for the first wall, blanket,
vacuum vessel and magnets are the same as in the previous model based on the outline design. It
is expected that the designs for these components will go through several changes and the 3D
model has to be updated again in 1995.



. Introduction

An outline design for ITER has been developed during the first eighteen months of the ITER
EDA [1]. Due to the continuously changing design over the year, most of the analysisin this task
was performed for the ITER outline design. Significant poloidal variation in neutron wall loading
is expected in ITER. The neutron wall loading distribution is an essential input for neutronics
analysis of the different ITER components. The detailed poloidal distribution of the neutron wall
loading in the different regions of ITER was determined using the Monte Carlo code MCNP [2].

The ITER outline design provides a nominal fusion power of 1.5 GW from a single null
plasma. Twenty-four toroidal field (TF) coils are employed. The design incorporates an advanced
divertor concept at the bottom of the reactor. The vacuum vessel (VV) isadouble wall structure
that acts as a shielding component and containment structure. 24 large lower ports are utilized for
assembly and disassembly of the divertor cassettes and for vacuum pumping. Radiation streaming
into these ports can produce excessive heating and damage the TF coils in the divertor region.
Reducing nuclear heating in the TF coils to acceptable levels has been identified as an important
shielding issue. The peak magnet radiation effects as well as the integrated nuclear heating have
been calculated in the parts of the coils adjacent to the vacuum pumping ducts using MCNP. The
total nuclear heating in the TF coils of ITER has been determined taking into account the poloidal
variation of the neutron wall loading as well as the poloidal variation of the blanket/shiel d/vacuum
vessel thickness. The results of the three-dimensiona neutronics analysis are summarized here.

In order to ensure consistent neutronics analyses for the different ITER components, it was
decided that a general three-dimensional geometrical model for ITER should be developed for the
MCNP code and made available to the JCT and home teams. The model explained in this report
was developed jointly by the US and EU home teams and submitted along with the source term to
the JCT and home teams. An effort started in the US to model the most recent divertor cassette
design presented at the end of October 1994 in the design assessment meeting. A complete
updated general reactor model is provided to replace the model provided in March.

Detailed activation analysis has been performed for the first wall/blanket/vacuum
vessel/magnet in the ITER outline design using different pulsed operation schedules. The
calculations were performed for both the shielding blanket (SS/water) and the breeding blanket
(Li/V) options. The activation code RACC modified for pulsed operation was used in the
calculations. The detailed activation results are given in a separate report [3]. The results include
the detailed spatia distribution of the radioactive inventory, afterheat and contact dose at different
times following shutdown. Thisinformation is needed for safety analysis, radwaste management
and maintenance assessment.



Because of the continuously evolving ITER design, it was necessary during the year to
respond to requests from the JCT to provide support in the neutronics area. A working cross
section library based on the most recent international fusion evaluated nuclear data library
(FENDL) [4] was generated and installed on the Garching JWS computer system in September. In
addition, the nuclear performance parameters for the first wall/blanket/vacuum vessel/magnet in the
ITER outline design were determined using data based on the FENDL evaluation and compared to
those obtained with previously used cross section libraries based on the ENDF/B-V evaluation.
The calculations were performed for both the shielding blanket (SS/water) and the breeding blanket
(Li/V) options. The neutronics and shielding results are summarized in this report. Neutronics,
shielding, and activation benchmark problems have been devel oped based on the shielding blanket
designin the ITER outline design. The specifications and required flux files were provided to the
neutronics groups of the home teams. The results will help the JCT determine the codes and
libraries to be used in neutronics, shielding and activation calculations.

1. Neutron Wall Loading Distribution

The poloidal distribution of the neutron wall loading in the different regions of ITER has
been determined using the three-dimensional radiation transport Monte Carlo code MCNP [2]. The
results are normalized to the nominal fusion power of 1500 MW. The detailed geometrical
configuration of the ITER first wall has been modeled in the calculation. An output of the MCNP
geometry plotting routine is given in Fig. 1. It shows a vertical cross section of the geometrical
model used in the calculations. A combination of cones, tori, and cylinders was utilized for
accurate modeling of the first wall. Source neutrons are sampled from the plasma zone according
to the source distribution within the single null plasma shape. The radial and vertical shifts of the
magnetic axis where the fusion power density peaks have been taken into account. The magnetic
axisislocated at aradiusof 8.633 mand is 1.622 m above the reactor midplane. The direction of
source particles has been sampled from an isotropic angular distribution. Three million source
particles have been sampled in the MCNP calculation yielding statistical uncertainty lessthan 0.5 %
in the calculated wall loading at any first wall segment.

Source particles travel through void in the plasma chamber until they crossthe wall. Particles
are killed upon crossing the wall to account for the shadowing effect. Surface current tallies have
been determined by counting particles crossing the wall. These current tallies represent the neutron
wall loading. In order to get the detailed poloidal distribution of the neutron wall loading, the first
wall surface has been segmented into 106 poloidal segments and particles crossing each segment
have been tallied. The outboard and inboard first wall surface areas are 800 and 421 m?2,
respectively, and the area at the entrance to the divertor region is 94 m2. Therefore, the average
neutron wall loading is 0.913 MW/m? for the nominal 1500 MW fusion power. The calculated
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Fig. 1. ThelTER first wall geometrical model used in the MCNP calculations.

average neutron wall loadings at the outboard first wall, inboard first wall, and entrance to the
divertor region are 1.044, 0.735, and 0.6 MW/m?2, respectively. The total area of surfaces exposed
to the plasma in the divertor region is 372 m2 with an average neutron wall loading of 0.148
MW/m?2.

Figure 2 gives the poloidal variation of neutron wall loading in the outboard and inboard
regions as a function of toroidal length measured in the anticlockwise direction from the lower
corner of the outboard first wall (point A in Fig. 1). The peak outboard and inboard neutron wall
loadings are 1.193 and 0.923 MW/m?2, respectively. It is clear that the neutron wall loading peaks
at vertical locations close to that of the plasma magnetic axis. Figure 3 shows the poloidal variation
of neutron wall loading in the divertor region as afunction of length measured in the anticlockwise
direction from the upper left corner of the divertor region (point B in Fig. 1). The peak neutron
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Fig. 2. The poloidal variation of neutron wall loading in the outboard and inboard regions as a
function of toroidal length.
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Fig. 3. The poloidal variation of neutron wall loading in the divertor region as a function of
toroidal length.



Table 1. Neutron Wall Loading in ITER

Average Neutron Wall Loading 0.913 MW/m?2
Outboard Region:
Surface Area 800 m?
Average Neutron Wall Loading 1.044 MW/m?2
Peak Neutron Wall Loading 1.193 MW/m?2
Inboard Region:
Surface Area 421 m?
Average Neutron Wall Loading 0.735 MW/m?
Peak Neutron Wall Loading 0.923 MW/m?2
Divertor Region:
Surface Area 372 m2
Average Neutron Wall Loading 0.148 MW/m?
Peak Neutron Wall Loading 0.559 MW/m?2

wall loading in the divertor region is 0.559 MW/m? at the upper surface of the middle divertor plate
facing the plasma x-point. No direct source neutrons impinge on the inner surface of the inner
divertor leg. The average neutron wall loading at the inner surface of the outer divertor leg isonly
0.016 MW/m?2. The values of neutron wall loading at the inner and outer divertor dump plates with
the least magnet shielding space are 0.0009 and 0.07 MW/m?Z, respectively. Table 1 summarizes
the results of the neutron wall loading calculations for the nominal 1500 MW fusion power.
During the plasma power excursions of 1800 MW fusion power, these values will be 20% higher.

The detailed neutron wall loading results obtained by MCNP were provided to the EU home
team for comparison with the results generated using the TRIPOLI Monte Carlo code [5]. Some
discrepancies were observed in the results with differences up to 12% [6]. These discrepancies are
mainly due to differences in geometrical modelling. While the MCNP model given here follows
the exact representation of the ITER first wall, the TRIPOLI modelling is less accurate for the first
wall and uses a smaller number of mesh points (24x35) to represent the source [6].

[1l. Three-Dimensional Shielding Analysis for the Divertor Region

Providing adequate protection for the TF coils against radiation streaming into the divertor
vacuum pumping ducts has been identified as an important shielding issue for the current ITER
design. Due to the geometrical complexity of the divertor region, three-dimensional models are
required to properly determine the radiation effects in the parts of the TF coils adjacent to the
divertor vacuum pumping duct. Furthermore, the parts of the TF coils behind the divertor are
protected from source neutrons by the divertor modules and the vacuum vessel with varying



thickness and geometrical shape. Magnet hot spots are expected behind the inner and outer
divertor dump plates where the shielding space is minimal. At these locations the combined
thickness of the divertor and vacuum vessel is only about 90 cm. Again, three-dimensional
calculations are needed to determine magnet damage in these zones.

Three-dimensional neutron-gamma transport calculations have been performed for magnet
shielding in the divertor region taking into account streaming into the divertor vacuum pumping
ducts. The continuous energy, coupled neutron-gamma-ray Monte Carlo code MCNP [2] has been
used. The nuclear data used is based on the ENDF/B-V evaluation. A three-dimensional model
has been developed for the ITER reactor to be used with the MCNP code. The model is based on
the ITER outline design [1].

The detailed geometrical configuration of the first wall, blanket, shield, vacuum vessel,
divertor and TF coils in the current ITER design has been modeled in the calculation. Several
additional surfaces have been added in the divertor region to alow for utilizing the geometry
splitting with Russian Roulette variance reduction techniques employed in MCNP. Due to
symmetry, only 1/48 of the reactor is modeled with surrounding reflecting boundaries. The model
includes half a TF coil and half a divertor duct. The toroidal angle for the model used is 7.5
degrees.

The output of the MCNP geometry plotting routine given in Fig. 4 shows a vertical cross
section through the middle of the TF coil. This cross section cuts through one of the pumping
dlotsin the outer leg of the divertor. There are five such slots in each of the 24 divertor modules.
The TF magnet in the divertor region is divided into five zones as indicated in Fig. 4. The first
zone is behind the inner divertor dump plate, the second zone is behind the inner part of the
divertor, the third zone is behind the outer part of the divertor, the fourth zone is behind the outer
divertor dump plate, and the fifth zone is adjacent to the divertor vacuum pumping duct. A vertica
cross section through the center of the divertor duct isshown in Fig. 5. Fig. 6 isahorizontal cross
section at z = -5.5 m in the middle of the divertor vacuum pumping duct. The divertor pumping
slotsin the outer leg of the divertor are shown in thisfigure. Also shown are the shielding layers
between the duct and the coil consisting of the 3 cm thick front Inconel wall, the 14 cm thick
steel/water zone, and the 3 cm thick back Inconel wall of the duct wall aswell asthe 11 cm thick
mechanical structure.

A combination of cones, tori, cylinders, and planes was utilized for accurate modeling of the
geometry. A total of 147 surfaces has been used in the model, of which 32 are fourth degree tori
and 58 are cones. The model employs 119 geometrical cells. The volumes of the different cells
and the areas of surfaces of interest have been determined stochastically by ray tracing. In this
calculation, al cells are assumed to not include any material and the geometrical model has been



sprayed by 10 million particles at random directions. This calculation serves also as a means for
geometry checking by making sure that each point in space belongs to one of the cells used in the
model. This calculation provided a successful check for the geometrical model.

The MCNP code has been modified to sample source neutrons from the plasma zone
according to the source distribution, provided by the ITER JCT team, with the single null plasma
shape as explained in the previous section. Source neutrons are biased to improve the statistical
uncertainty in the calculated magnet responses in the divertor region. Surface flux tallies are used
to determine the radiation effects at the front and side surfaces of the TF coils in the divertor region
and cell energy deposition tallies are used to determine the total magnet heating in the five magnet
zones used in the divertor region.
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Fig. 4. A vertical cross section through the middle of the TF coil.
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Fig. 6. A horizontal cross section at the middle of the divertor vacuum pumping duct.
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In this calculation, it is assumed that no additional divertor duct shielding is utilized and
magnet protection is provided by the 20 cm thick duct wall along with the 11 cm thick mechanical
structure. No credit istaken for the additional shielding provided by the divertor coolant supply
linesinside the duct. In addition, no credit is taken for the fins and support structure at the inner
surfaces of the divertor legs that provide additional radiation attenuation. However, the model
developed for MCNP calculations includes cells representing the zones where these fins and their
support structure can be included. Although this calculation assumes void in these cells, structural
material with the appropriate density factor can be used in these cells in the future to assess the
impact on magnet shielding. Different material compositions are assumed for the different cells
used in the model. The blanket is assumed to consist of 70% 316 SS and 30% water. The vacuum
vessel composition used includes 12% Inconel 625, 55% 316 SS and 33% water. The filling
material for the duct wall is 60% 316 SS and 40% water. The mechanical structure at the sides of
the magnets is made of 316 SS and the divertor module consists of 70% 316 SS and 30% water.
The TF coil composition used in the calculation is 31.6% SS, 26% Cu, 9.5% non-Cu (2.5%
Nb3Sn, 6.4% Bronze, 0.6% V), 21.1% liquid He, and 11.8% insulator (epoxy with 70%
R-glass).

The calculation has been performed using 200,000 source particles yielding statistical
uncertainties less than 10% in the cal culated magnet nuclear responses at the locations of interest.
The results are normalized to the nominal fusion power of 1500 MW. The end of life fluence
related radiation effects have been determined for 3 full power years (FPY') of operation.

Table 2 gives the magnet radiation effects in the part of the TF coil adjacent to the divertor
vacuum pumping duct (zone V in Fig. 4). The results are given at the front and side surfaces of
the coil. Itisclear that the sides of the TF coils are well protected from radiation streaming into the
divertor vacuum pumping ducts. The contribution to total magnet heating from the parts of the
coils adjacent to the divertor ductsis only 0.21 kW.

Table 3 gives the magnet radiation effects averaged over the front surface of the TF cail in
zones|, I1, 111, and IV shown in Fig. 4. The largest magnet radiation effects arein zone 1V behind
the outer divertor dump plates where the shielding spaceis minimal. Although the shielding space
behind the inner divertor dump plates is smaller, the magnet radiation effectsin zone | are lower
than those in zone IV since the inner divertor dump plates have adirect view of asmaller part of the
plasma with lower power density. The values of neutron wall loading at the inner and outer
divertor dump plates are 0.0009 and 0.07 MW/mZ2, respectively. It should be noted that the
radiation effects in the magnet zones | to IV calculated here are conservative since no credit is taken
for attenuation in the divertor fins and their support structure, the mechanical structure at the sides
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Table 2. Magnet Radiation Effects at the Front and Side Surfaces
of the TF Coils Adjacent to the Divertor Duct

Front Surface Side Surface

End-of-Life Organic Insulator Dose 1.50%x107 3.53x107
(Rads @ 3 FPY)

End-of Life Fast Neutron Fluence in Magnet 8.22x1015 4.14x1016
(n‘em?2 @ 3 FPY)

End-of-Life Cu dpain Magnet 4.11x106 1.82x10°
(dpa @ 3 FPY)

Specific Nuclear Heating in Magnet 0.0084 0.014
(mwW/cm3)

Table 3. Magnet Radiation Effects at the Front Surface
of the TF Coil Behind the Divertor

Zone | I 1 v
End-of-Life Organic Insulator Dose 1.69x107 2.44x106 1.62x106 4.04x107
(Rads @ 3 FPY)

End-of Life Fast Neutron Fluence in Magnet 7.11x1015 9.93x1015 5,10x1014 2.90x1016
(n‘em?2 @ 3 FPY)

End-of-Life Cu dpain Magnet 7.83x106 7.26x10°7 2.31x10°7 1.82x107
(dpa @ 3 FPY)

Specific Nuclear Heating in Magnet 0.0081 0.0047 0.0011 0.018
(mW/cm3)

of the coils, and the lower wall of the divertor duct. The calculated radiation effects are much
lower than the radiation limits considered in ITER.

IV. Total Nuclear Heating in the TF Coils

The contributions to total magnet heating from the parts of the coils in the divertor region are
0.034, 0.0063, 0.046, 0.87, and 0.21 kW, in zones |, II, 111, 1V, and V, respectively. The total
heating in the 24 TF coils contributed by the divertor regionis 1.17 kW. The parts of the TF coils
behind the divertor are protected from source neutrons by the divertor modules and the vacuum
vessel. The smallest shielding space is behind the inner and outer divertor dump plates as shown
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in Fig. 4. At these locations the combined thickness of the divertor and vacuum vessel is 96 cm.
The thickness increases rapidly as one moves away from the dump plates reaching 250 cm at the
middle of the divertor where the neutron wall loading peaks at 0.56 MW/m2. Hence, magnet
heating behind the divertor is dominated by heating in the areas behind the divertor dump plates.
Nuclear heating in the parts of the magnets adjacent to the divertor vacuum pumping ducts has been
determined to be only 0.21 kW. This assumes that no separate duct shield is used.

The parts of the TF coils behind the upper and the middle straight segments of the inboard
blanket have a combined blanket/shield/vacuum vessel thickness of 100 cm between them and the
plasma and an average neutron wall loading of 0.783 MW/m?2. One-dimensional calculations have
been performed for these sections to determine the nuclear heating per meter length of the TF cails.
The calculations have been performed using the discrete ordinates code ONEDANT [7] for both the
316SS/water shielding blanket and the Li/V breeding blanket options considered in the ITER
outline design. For 1 MW/m?2 neutron wall loading, the results are 0.196 and 0.239 kwW/m for the
SS/water and Li/V options, respectively. Based on these results the values for total magnet heating
in the parts of the TF coils behind the upper and the middle straight segments of the inboard
blanket are 1.26 and 1.53 kW for the SS/water and Li/V options, respectively. The lower curved
portion of the inboard blanket increases in thickness as one moves towards the lower tip of it as
shown in Fig. 4. In addition, the neutron wall loading drops from 0.83 MW/m? at the upper end
of this blanket segment to 0.46 MW/m? at the lower tip. An appropriate integration procedure, that
takes into account the variation of both the neutron wall loading and the blanket/shield/vacuum
vessel thickness, has been utilized to determine nuclear heating in the parts of the TF coils behind
this blanket segment. Thisyields 0.08 and 0.1 kW for the SS/water and Li/V options, respectively.

The parts of the TF coils behind the upper segment of the outboard blanket have a combined
blanket/shield/vacuum vessel thickness of 100 cm between them and the plasma and an average
neutron wall loading of 1.141 MW/mZ2. The values for total magnet heating in these parts of the TF
coils have been determined to be 1.33 and 1.63 kW for the SS/water and Li/V options,
respectively. The lower segment of the outboard blanket as well as the part of the vacuum vessel
behind it increase in thickness as one moves towards the lower tip of it as shown in Fig. 4. In
addition, the neutron wall loading drops from 1.193 MW/m? at the upper end of this blanket
segment to 0.531 MW/m? at the lower tip. An integration procedure was utilized yielding 0.3 and
0.36 KW for the SS/water and Li/V options, respectively. Table 4 gives the magnet nuclear heating
in the different reactor regions for both the 316SS/water shielding blanket and the Li/V breeding
blanket designs. The values for the total nuclear heating in the 24 TF coils are 4.14 and 4.79 kW
for the SS/water and Li/V options, respectively. One-dimensional neutronics calculations for the
most recent shielding blanket design, presented at the design assessment meeting in October 1994,

13



Table 4. Total Nuclear Heating (kW) in the TF Coils of ITER

316SS/Water Li/V

Shielding Blanket Breeding Blanket
Inboard Region 1.34 1.63
Outboard Region 1.63 1.99
Divertor Region 1.17 1.17
Tota 4.14 4.79

indicated that local magnet radiation effectsin the inboard and outboard regions are a factor of two
higher than those for the shielding blanket in the outline design. Therefore, the total magnet
heating with the most recent shielding blanket design is estimated to be about 7 kW. All these
values do not include any safety factor.

V. General Reactor Model and Source Term for the Outline Design

For consistency of neutronics analyses, a general three-dimensional geometrical model for
ITER was developed jointly by the US and EU home teams for the MCNP code. The model was
submitted to the Garching JCT in March for distribution to the home teamsinvolved in neutronics
design tasks. The model is based on the ITER outline design. Due to symmetry, only 1/48 of the
reactor was modeled with surrounding reflecting boundaries. The model includes half a TF coil
and half adivertor cassette. The toroidal angle for the model used is 7.5 degrees. A combination
of cones, tori, cylinders, and planes was utilized for accurate modeling of the geometry. A total of
197 surfaces and 167 geometrical cells has been used in the model. The model includes detailed
geometrical representation of the first wall, blanket, divertor, vacuum vessel and TF magnets. The
Be coating and the Cu layer of the first wall are modeled separately. The double walls of the
vacuum vessel as well as the shield layer at the back of the vacuum vessel are included in the
model. The pumping slotsin the outer leg of the divertor are also included. There are 5 such dots
per divertor cassette. The output of the MCNP geometry plotting routine given in Fig. 7 shows a
vertical cross section through the TF coil. Figure 8 shows a horizontal cross section through the
divertor pumping slots.

A source subroutine has been written to modify MCNP to sample source neutrons from the
source distribution in the ITER single null plasma. The source profile was provided numerically
by the San Diego JCT at 15251 (101x151) mesh points. The source distribution takes into account
the radial and vertical shifts of the magnetic axis where the fusion power density peaks. The
magnetic axisis located at aradius of 8.633 m and is 1.622 m above the reactor midplane. The
direction of source particles is sampled from an isotropic angular distribution. The source
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Fig. 7. Vertical cross section through a TF coil.

Fig. 8. Horizontal cross section through divertor pumping slots.
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subroutine with the associated data files that describe the source distribution were made available to
the JCT and home teams.

V1. Revised Genera Reactor Model With New Divertor Cassette Design

The neutron source profile and plasma shape have not changed from the outline design. The
major changes are in the divertor cassette design. In addition to the significant geometrical
configuration changes, each divertor cassette includes seven sets of slots with each set including
four slots arranged toroidally. Some of these slots will be empty and used for vacuum pumping
while the others are employed to house the coolant pipes. Two sets of slots are located behind the
outer target plates and two sets are behind the inner target plates. A set of dots also exists behind
the central dome. The two main sets of vacuum pumping slots are located in the middle part of the
divertor cassette compared to the 5 slots in the outer divertor legs used in the outline design
modeled in Fig. 8. Although the divertor design is continuously changing, the design presented at
the end of October 1994 in the design assessment meeting was used as the basis for the updated
general reactor 3D model. A drawing of this most recent divertor cassette design is given in
Fig. 9.

A complete updated general reactor model was devel oped to include the most recent divertor
cassette design. Only 1/48 of the reactor was modeled with surrounding reflecting boundaries.
The model includes half a TF coil and half a divertor cassette. The toroidal angle for the model
used is 7.5 degrees. A combination of cones, tori, cylinders, and planes was utilized for accurate
modeling of the geometry. A total of 216 surfaces and 172 geometrical cells has been used in the
model. It isassumed that the geometrical configurations for the first wall, blanket, vacuum vessel
and magnets are the same as in the previous model based on the outline design. It is expected that
the designs for these components as well as the divertor cassette will go through several changes
and the three-dimensional model developed here has to be updated again in 1995.

The output of the MCNP geometry plotting routine given in Fig. 10 shows a vertical cross
section through the middle of the TF coil. The divertor cassette is divided into 6 zones
representing the inner and outer legs, the inner and outer target plate regions, the middle part of the
cassette and the central dome region. The model includes four cells representing the zones where
the copper fins and support structure at the inner surfaces of the divertor cassettes are employed.
Although these fins occupy a very small volume fraction of these cells, the model allows for
including the additional radiation attenuation provided by these fins and their support structurein
future calculations. A vertical cross section through the center of the divertor slots is shown in
Fig. 11. Seven dots are shown in the figure. The conservative assumption that all the slots are
open to the plasma chamber was made in the model. The model alows for including materialsin
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any of these dotsto represent possible coolant plumping. Fig. 12 shows horizontal cross sections
in the divertor region. In the cross section at z = -5.2 m, the slots in the central dome region and
the horizontal slots behind the inner target plates are shown. At z= -6 m, one set of the slots
behind the outer target plates along with the slots in the middle region of the cassette and the slots
in the central dome region are shown. At z =-6.3 m, one set of the slots behind the outer target
plates and part of one set of the dotsin the middle region of the cassette are shown.

Although more divertor slots are used, streaming though the horizontal divertor ports is
expected to be lower than in the outline design since these slots are not directed towards the
horizontal ports. On the other hand, these slots can result in damage hot spots in the vacuum
vessel behind the divertor cassettes. This effect needs to be assessed.

SN § -
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Fig. 9. Drawing of the most recent divertor cassette design.
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Fig. 10. Vertical cross section through a TF cail.

VIlI. FENDL Applications to ITER Neutronics and Shielding

The US home team participated in the IAEA Advisory Group Meeting on "Improved
Evaluations and Integral Data Testing for FENDL" held in Garching on 12-16 September 1994.
We generated a working cross section library based on the most recent international fusion
evaluated nuclear datalibrary (FENDL) [4]. Thelibrary includes al nuclear responses of interest
for ITER design. The library was installed on the Garching JWS computer system in September
1994.

Calculations have been performed to determine the nuclear performance parameters for the
first wall/blanket/vacuum vessel/magnet in the ITER outline design using data based on the
FENDL/E-1.0 evaluation. Both the SS/water shielding blanket and the Li/V breeding blanket were
considered. These one-dimensional calculations have been performed using the ONEDANT code
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Fig. 1I. Vertical cross section through divertor sots.

[7]. The results were compared to those obtained with previously used cross section libraries
based on the ENDF/B-V evaluation [8]. The detailed neutronics and shielding results were
presented in the IAEA Advisory Group Meeting on "Improved Evaluations and Integral Data
Testing for FENDL" and provided to the ITER JCT. Differencesin nuclear responses calcul ated
with FENDL and ENDF/B-V using the same processing codes (NJOY/TRANSX) [9,10] arein
general smaller than differences between results using different processing codes. Differences are,
in general, smaller for the Li/V design than the SS/water design. The effect on nuclear heating of
neglecting decay energy in the kerma factor is <10% with the largest effect in Cu and V.
ENDF/B-V processed with MINX/AMPX/KAOS [11,12,13] gives larger heating than FENDL
processed by NJOY/TRANSX. ENDF/B-V processed with MINX/AMPX/KAQS gives larger
dpathan FENDL processed by NJOY/TRANSX except for theV FW. ENDF/B-V processed with
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Fig. 12. Horizonta cross sections in the divertor region.
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Table 5. Peak Magnet

Radiation Effects in the Inboard Leg

Evaluation FENDL/E-1.0 ENDF/B-V ENDF/B-V
Processing Codes NJOY NJOY MINX
TRANSX TRANSX AMPX
KAQOS
Energy Groups 175n-429g 30n-12g 46n-21g
Decay Energy No No Yes
End-of-life fast neutron fluence 1.46x1017 1.51x1017 1.99x1017
(nfcm?)
End-of-life insulator dose 1.25x108 1.32x108 1.77x108
(Rads)
End-of-life Cu dpa 9.44x107° 9.96x10° 1.29x104
Peak power density 0.0296 0.0300 0.0435
(mW/cm3)

MINX/AMPX/KAQOS gives larger He production than FENDL processed by NJOY/TRANSX.
ENDF/B-V processed with MINX/AMPX/KAOS and FENDL processed by NJOY/TRANSX give
comparable tritium breeding results with <1% difference.

The peak magnet radiation effects in the inboard leg of the ITER outline design utilizing the
shielding blanket are given in Table 5. The peak magnet radiation effects based on FENDL and
ENDF/B-V using the same processing codes (NJOY/TRANSX) differ by less than 5% except for
Cu dpathat differs by ~12%. The KAOS library based on ENDF/B-V gives higher peak magnet
radiation effects than the FENDL library processed by NJOY. The differenceislarger for gamma
dominated effects (47% for power density and 42% for insulator dose) than for neutron effects
(~36% for fast neutron fluence and Cu dpa). Different processing methods used need to be
investigated and evaluated. Integral experiments for nuclear responses of interest to the designers
will be useful to validate the processed nuclear response data.

VIII. ITER Design Relevant Calculational Benchmarks

In order to help the JCT determine the codes and libraries to be used in neutronics, shielding
and activation calculations, it was decided in the IAEA Advisory Group Meeting on "Improved
Evaluations and Integral Data Testing for FENDL" [14] that calculational neutronics, shielding,
and activation benchmarks based on the ITER design should be developed. Neutronics, shielding,
and activation benchmark problems have been developed based on the shielding blanket design in
the ITER outline design. The specifications along with the required flux files were placed in the
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online system of the IAEA Nuclear Data Section and made available to the neutronics groups of the
home teams.

The neutronics and shielding benchmark represents the reference steel/water shielding blanket
design in the ITER outline design. The first wall is 14 mm thick consisting of 8 mm thick Be
coating and 5 mm Cu attached to 1 mm thick SS. The shielding blanket is 526 mm thick with
alternating layers of 316 SS and water. A double wall Inconel 625 vacuum vessel is used with
single size water cooled 316 SSbhalls. The VV walls are 50 mm thick. A 50 mm thick back shield
zone made of lead and boron carbide is used at the back of the VV. Thetotal VV thicknessis 455
mm in the inboard region and 619 mm in the outboard region. Figure 13 showsthe radial build of
calculational neutronics and the shielding benchmark. A 1-D toroidal cylindrical model with
inboard and outboard regions modeled simultaneously is used. The model includes 54 zones
divided into 573 mesh intervals. A maximum fine mesh interval width of 1 cm is used in the
model except in plasma and void zones. A uniform 14.1 MeV isotropic neutron source in the
plasma zone. The source in the plasma zone is normalized to 6.1x1017 n/cmis yielding inboard
and outboard neutron wall loadings of 1 and 1.5 MW/m2, respectively. The end-of-life results are
based on atotal ITER lifetime of 3 FPY (9.45x108 s).

To facilitate comparison of the design relevant parameters calculated by the different codes
and libraries, alist of information that should be provided was compiled. This includes information
on codes and datain addition to the calculation results as listed below.

=

Transport code used.

Angular quadrature order.

Legendre order of scattering.

Nuclear data evaluation used.

Nuclear data processing codes.

Energy group structure.

Weight function used to generate multigroup data.

Neutron and gamma fluxesin the first wall layers (Be, Cu, SS).
Peak neutron and gamma fluxes in vacuum vessel and magnet.
Nuclear heating (W/cm) in each of the non-void zones.

Power density (W/cm3) in the first wall layers (Be, Cu, SS).
Pesk power density (W/cm3) in vacuum vessel and magnet.

. End-of-life dpain Cu and SSlayers of first wall.

Peak end-of-life dpain Inconel vacuum vessdl.

End-of-life appm gas production (tritium, hydrogen, helium) in FW layers.
Peak end-of-life appm gas production in Inconel VV.

Peak end-of-life fast neutron fluence (E>0.1 MeV) in magnet.
Peak end-of-life Cu dpain magnet.

Peak end-of-life magnet insulator absorbed dose (eV/cm3).
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Fig. 13. Radial build of calculational neutronics and shielding benchmark.

The activation benchmark problem is similar to the neutronics and shielding benchmark
described above except that the outboard magnet is not included. The model includes 51 zones
divided into 468 intervals. The calculations are to be performed for two irradiation histories:

1. Continuous irradiation for 3 years (9.45x107 s).

2. Uniform pulsed operation with 94500 pul ses each 1000 s wide with adwell time of
1200 s between pulses.

In addition to the geometrical and material composition specifications, the neutron flux is
provided at al fine mesh intervals in 175 energy group structure. The adjoint gamma flux is
provided at all fine mesh intervalsin 42 energy group structure to be used for dose rate calculations
following shutdown.
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The list of deliverables that will help the JCT decide on codes and libraries to be used for
activation analysis includes information about codes and data and design relevant calculation
results. Theinformation to be reported is listed below.

1. Activation code used.

Activation data eval uation used.

Processing codes used to generate the activation library.

Energy group structure.

Weight function used to generate multigroup data.

Decay datalibrary used.

Compuiting facility and CPU time used.

The specific activity (Bg/m3) in the non-void zones at cooling times of 0, 1 hour, 1 day,

1 week, 1 month, 1 year, and 100 years after end of full reactor operation. The ten major

contributing nuclides should be identified and their contributions provided.

9. The specific decay heat (W/m3) in the non-void zones at cooling times of 0, 1 hour, 1
day, 1 week, 1 month, 1 year, and 100 years after end of full reactor operation. The ten
major contributing nuclides should be identified and their contributions provided.

10. Theenergy spectra of decay gamma source in the non-void zones at the specified cooling
times.

11. Thebiologica dose rate (micro Sv/hr) at the back of the outboard shield at cooling times
of 0, 1 hour, 1 day, 1 week, and 1 month after end of full reactor operation.

NGO A WN

IX. Summary and Conclusions

A source subroutine was written to modify the Monte Carlo three-dimensional code MCNP
to sample source neutrons from the source distribution in ITER plasma. A general ITER 3D model
for MCNP was developed jointly by the US and EU home teams based on the ITER outline
design. The model includesthefirst wall, blanket, divertor, vacuum vessel and TF magnets. The
model includes aso the pumping dlots in the outer leg of the divertor. The poloidal distribution of
the neutron wall loading in the different regions of ITER has been determined using MCNP.
These calculations were performed for the ITER outline design. The results are valid for the current
design since the neutron source profile, plasma shape and first wall configuration have not
changed. The average neutron wall loading is 0.913 MW/m2 for the nominal 1500 MW fusion
power. The calculated average neutron wall loadings at the outboard and inboard first walls are
1.044 and 0.735 MW/m?2, respectively. The peak outboard and inboard neutron wall loadings are
1.193 and 0.923 MW/m?, respectively.

Detailed 3D neutronics cal culations have been performed for the divertor region in the outline
design. The horizontal ducts are shielded from the plasma region by the approximately 80 cm thick
lower end of the outboard blanket/shield and by the 40-60 cm thick outer divertor leg in front of
the lower half of the duct. Based on this analysis, it is concluded that no additional divertor duct
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shielding will be needed and the 20 cm thick duct wall along with the 11 cm thick mechanical
structure will provide adequate protection for the TF coils against streaming radiation. 1n addition,
parts of the TF coils behind the divertor cassettes are well shielded. Preliminary estimates of total
nuclear heating in the TF coils were determined for both the SS/water and Li/V blankets of the
ITER outline design. The results were based on the 3D calculations performed for the outline
design. Thetotal heating islessthan 5 kW. The total heating isincreased to 7 kW for the recent
shielding blanket design presented in October at the design assessment meeting.

Detailed activation analysis has been performed for the first wall/blanket/vacuum
vessel/magnet in the ITER outline design using different pulsed operation schedules. The
calculations were performed for both the shielding blanket (SS/water) and the breeding blanket
(Li/V) options. The activation code RACC modified for pulsing operation was used in the
calculations. The detailed activation results were provided to the ITER JCT. This included the
detailed spatial distribution of the radioactive inventory, afterheat and contact dose at different times
following shutdown.

The nuclear performance parameters for the first wall/blanket/vacuum vessel/magnet in the
ITER outline design using data based on the FENDL evaluation were determined and compared to
those obtained with previously used cross section libraries based on the ENDF/B-V evaluation.
The calculations were performed for both the shielding blanket (SS/water) and the breeding blanket
(Li/V) options. The detailed neutronics and shielding results were provided to the ITER JCT. A
working multigroup cross section library based on the most recent international fusion evaluated
nuclear datalibrary (FENDL) was generated. The library includes al nuclear responses of interest
for the ITER design. The library was installed on the Garching JWS computer system in
September. Neutronics, shielding, and activation benchmark problems have been devel oped based
on the shielding blanket design in the ITER outline design. The specifications and required flux
files were provided to the neutronics groups of the home teams. The results will help the JCT
determine the codes and libraries to be used in neutronics, shielding and activation calculations.

The neutron source profile and plasma shape have not changed from the outline design. The
major changes are in the divertor cassette design. In addition to the significant geometrical
configuration changes, each divertor cassette includes 28 slots compared to only 5 slots in the
outline design. The design presented at the end of October in the design assessment meeting was
used as the basis for the updated general reactor 3D model. A complete updated general reactor
model is provided to replace the model provided in March. Although more divertor slots are used,
streaming though the horizontal divertor ports is expected to be lower than in the outline design
since these slots are not directed towards the horizontal ports. On the other hand, these slots can
result in damage hot spotsin the vacuum vessel behind the divertor cassettes. This effect needsto
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be investigated. It is assumed that the geometrical configurations for the first wall, blanket,
vacuum vessel and magnets are the same as in the previous model based on the outline design. It
is expected that the designs for these components will go through several changes and the 3D
model has to be updated again in 1995.
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